Abstract. Tokamaks provide a field structure that is almost axisymmetric around the torus axis. There are however always small toroidal variations due to the limited number of toroidal field coils, the magnetic field ripple. On the other hand, non-axisymmetric external fields are applied on purpose to ergodise the field structure close to the separatrix, to control the heat and particle transport across the plasma boundary. We present a perturbation method to calculate the magnetic field of tokamak discharges with with weak toroidal variation. The method is applied for the equilibrium reconstruction of Tore Supra discharges with toroidal ripple. The perturbation method does not rely on a flux surface representation and can therefore be applied to structures with magnetic islands. We obtain the plasma response to the field of ergodising external coils, as proposed for the ITER device.
The method
Equilibrium reconstruction is the essential tool for determining the field structure and current density in a tokamak discharge. For performance reasons [1] , tokamaks are designed to provide a field structure that is close to being axisymmetric around the torus axis. Due to the limited number of toroidal field coils, there are however small deviations from the axisymmetry, the magnetic field ripple. For the tokamak Tore Supra, the field ripple is up to 7% at the low field side and has to be taken into account for the equilibrium reconstruction. On the other hand, external fields with toroidal variation are applied on purpose to generate an ergodic field structure close to the plasma boundary. This ergodisation allows for controlling the heat and particle transport across the plasma edge [2, 3] . Earlier work to calculate the field inside the plasma [4] required the application of a fully three-dimensional code as VMEC [5] , or considered only the vacuum contribution. It should be emphasised that most three-dimensional codes (e.g. [5] ) assume the existence of nested flux surfaces, which excludes magnetic islands.
The external field with toroidal variation is generated by coils outside the plasma. In the plasma region, the external field can therefore be described as a vacuum field
The first term on the right hand side describes the axisymmetric part of the toroidal field, with constants B 0 and R 0 . The suitably normalised potential Φ(R, ϕ, Z) gives the toroidal variation, with ∇·∇Φ = 0 and Φ dϕ = 0. The vacuum perturbation is therefore completely described by equation (1) . We investigate now the influence on the plasma current by an expansion of the MHD equations developed by LoSurdo and Sestero [6] . We assume isotropy of the plasma, and negligible flow, such that the equilibrium is described by the force balance ∇p = J × B, and Maxwell's equations ∇ × B = µ 0 J and ∇ · B = 0. All quantities are decomposed in their axisymmetric part, e.g.B = Bdϕ/(2π), and the zero-average partB = B−B. The equations are then expanded with a small parameter ε = O(B p /B T ). The axisymmetric part of the lowest nontrivial order leads to the Grad-Shafranov equation. According to [6] , the zero-average component of the expansion gives a correction term for the poloidal current densitỹ
T is given by the Grad-Shafranov equation. The index (m) refers to the order of the expansion. The lowest order oscillating termB (1). ∇ p is the poloidal component of the nabla operator. The perturbed toroidal current density is obtained from ∇ ·J (1) = 0. The magnetic field generated by the perturbed plasma currentJ (1) is then calculated with Maxwell's equation. Due to the special form of the current density,B (1) has only a poloidal component that can be described with a poloidal flux functionψ(R, ϕ, Z). With the ripple field from equation (1), we arrive at
The ripple field of a tokamak due to the limited number of N toroidal field coils can be described with a single mode, such that Φ = δ (R, Z) sin Nφ /N [7] . With the correction described in the previous section, we modify the existing equilibrium reconstruction code EFIT [8] . The code EFIT parameterises the unknown toroidal current in the GradShafranov equation as a linear superposition of test functions J k (Ψ, R). The flux has to be evaluated at the position of the magnetic sensors that are located under a toroidal field coil (cos Nϕ = +1), and between two coils (cos Nϕ = −1), where it is needed for all other diagnostics, and to determine the last closed flux surface by contact with the limiter. The resulting poloidal flux under the coil (+) and between coils (−) is then given by
The unknown coefficients are determined by minimising a least square functional
with the Grad-Shafranov type equation (4) 
The modifications were implemented into the real-time EFIT version that is used at Tore Supra [9] . The algorithm with the modifications described above preserves the convergence behaviour of the code, using roughly the same number of iterations. The algorithm requires more inversions of the Grad-Shafranov operator. Since the Grad-Shafranov solver of the code is optimised, the computational cost is only slightly increased, for a typical case from 40 msec per timeslice to 50 msec. A typical result is shown in figure  (3) , demonstrating the importance of the ripple correction. Figure (4) shows the poloidal flux function at midplane of the vacuum ripple field (equation 6), and the poloidal flux of the plasma response. The plasma response is much smaller at the plasma boundary, but it has opposite sign and partially compensates for the vacuum ripple field. On the other hand, the plasma response contributes to the Shafranov shift in the centre of the plasma. Both results agree with calculations with VMEC for a similar case [4] . The algorithm described above is applicable to any tokamak once the function Φ (1) describing the ripple field is known. The application to the proposed ripple compensation with ferromagnetic inserts for the ITER device [10] is however more complicated, as the iron magnetisation is related to the external field nonlinearly.
Ergodisation of the field at the plasma boundary
In this paper, we refer to the ergodising coil design proposed in [11] for the ITER device, illustrated in figure (2) . A set of coils within the vacuum vessel close to the plasma provides a field that is described by the potential Φ = δ (R, Z) cos 3ϕ. The magnetic field of the coils is calculated by application of Biot-Savart's law. We apply the perturbation technique described above to find the plasma response to the external ergodising field by solving equation (3) . As a reference equilibrium, we select from the ITM database (Integrated Tokamak Modelling taskforce, [12] ) the ITER scenario 2 discharge with l i = 0.7 and β p = 0.6. This discharge is an inductive H-mode plasma with 15MA plasma current. Figure 5 shows the perturbed toroidal current density and the resulting poloidal flux due to the ergodising coil. The current is concentrated in a thin layer close to the plasma boundary and the external coils. Figure 6 shows the vacuum perturbation from the ergodising coils, and the resulting field with the plasma response. Similar to the to the ripple field described above, the field from the plasma response has a small influence at the plasma boundary, but larger in the centre. The influence of the plasma response on the resulting field structure is assessed graphically with a Poincaré plot obtained by field line integration. Figure 7 compares the magnetic island structure obtained with the vacuum perturbation alone, and the structure with the plasma response added. There is no significant modification of the resonant magnetic perturbations. This result is consistent with previous work for the DIII-D tokamak [11] . 
